Introduction
============

Chemotherapy is one of the most effective methods of cancer therapy. However, many conventional nonspecific antitumor drugs have significant side effects.[@b1-ijn-10-7359] To reduce the cytotoxicity and improve the therapeutic efficacy of these drugs, several environmentally responsive nanoparticle (NP)-based drug-delivery systems[@b2-ijn-10-7359]--[@b4-ijn-10-7359] have been explored in recent decades. Among them, pH-responsive NPs have been extensively investigated[@b2-ijn-10-7359] because of the slightly lower pH (\~4.0--6.8)[@b4-ijn-10-7359]--[@b6-ijn-10-7359] of extracellular fluids and intracellular vesicles of tumors. For instance, She et al[@b7-ijn-10-7359] made pH-responsive NPs of polyethylene glycosylated peptide dendron--doxorubicin conjugates for cancer therapy. Thomas et al[@b8-ijn-10-7359] fabricated pH-responsive chitosan (CS)/heparin nanocapsules to explore the intracellular delivery of doxorubicin. Polymers are being exploited in pH-responsive drug-delivery systems because of the ease of adjusting their properties to elicit these responses.[@b9-ijn-10-7359] With regard to the safety of the vehicle, natural polysaccharides have received increasing attention as drug-carrier candidates in these studies.

In recent years, NP drug-delivery systems based on CS and its derivatives have been widely investigated for various pharmaceutical applications.[@b10-ijn-10-7359]--[@b13-ijn-10-7359] This interest is because CS and its derivatives have many merits as drug carriers, such as nontoxicity, high biocompatibility, biodegradability, and easy chemical modification. Furthermore, they are mucoadhesive and are able to open the tight junctions between the epithelial cells.[@b10-ijn-10-7359] However, many anticancer agents are hydrophobic drugs.[@b14-ijn-10-7359],[@b15-ijn-10-7359] Due to the hydrophilic nature of CS, it is difficult to entrap hydrophobic anticancer drugs in CS NPs.[@b16-ijn-10-7359]--[@b18-ijn-10-7359]

The introduction of cyclodextrins (CDs) is a good method to successfully overcome these deficiencies. CDs have hydrophilic cavity exteriors and hydrophobic cavity interiors, giving them the ability to encapsulate hydrophobic moieties within their cavities[@b19-ijn-10-7359] and improve the solubility, stability, and bioavailability of hydrophobic drugs. New polymers combining CS and CDs have been investigated, but the reported procedures were complicated, and the production of poisonous dissolvent was inevitable.[@b14-ijn-10-7359],[@b20-ijn-10-7359] Wang et al[@b21-ijn-10-7359] used β-CD-modified CS-poly(acrylic acid) NPs to encapsulate the anticancer drug paclitaxel. These NPs showed enhanced paclitaxel solubility in aqueous solution. However, there was no pH-sensitive release property for the encapsulated drug in vitro. Trapani et al[@b22-ijn-10-7359] reported CS/sulfobutyl ether-β-CD NPs for oral administration of the small peptide glutathione. Although glutathione could be encapsulated into the cores of these NPs, it could not be released from the carrier in an in vitro release test performed in simulated gastric and intestinal media without enzymes. Yuan et al[@b23-ijn-10-7359] developed CS grafted with mono-6-deoxy-6-(*p*-toluenesulfonyl)-β-CD NPs for the controlled release of the poorly water-soluble drugs such as ketoprofen. However, the drug was released more slowly in pH 4.0 medium than in pH 6.8 medium. There is also a report on the release of ketoprofen by hydroxypropyl CS-graft-carboxymethyl β-CD microparticles, which was not different in pH 1.4 and pH 7.4 media.[@b24-ijn-10-7359] In conclusion, by combining the mucoadhesive property of CH and the hydrophobic property of β-CD cavities, CS-β-CD derivatives have attracted many researchers' attention and improved the loading ability of hydrophobic drugs, but further investigation is still needed to improve their controlled-release ability before CS-β-CD derivatives can be used as clinical cancer drug carriers.

In this study, we attempt to synthesize a novel pH-sensitive CS-β-CD derivative by covalently conjugating carboxymethyl-β-CD (CMβ-CD) onto the main chains of glycol chitosan (GCS). The anticancer drug doxorubicin hydrochloride (DOX) was used as a model drug to prepare self-assembled drug-loaded GCS-CMβ-CD NPs in water. The obtained GCS-CMβ-CD NPs are expected to not only bind DOX but also specifically release it via the changing dissociation status of carboxylic acid groups at different pH values. The release properties of the NPs were investigated under simulated physiological conditions in vitro and by surface plasmon resonance (SPR) in real time. Their biosafety and antitumor efficacy were also evaluated.

Materials and methods
=====================

Materials
---------

GCS (degree of polymerization ≥400) and β-CD were purchased from Sigma-Aldrich Co (St Louis, MO, USA). DOX was obtained from the National Institute for Food and Drug Control (NIFDC; Beijing, People's Republic of China). Fetal bovine serum, penicillin--streptomycin, and trypsin were bought from Thermo Fisher Scientific (Waltham, MA, USA). Minimum essential medium was purchased from HyClone. 1-Octanethiol (1-OT) was obtained from Acros. Mucin from porcine stomach (PGM) was purchased from Sigma-Aldrich Co. Trypan blue was obtained from Thermo Fisher Scientific. Monochloroacetic acid, sodium polyphosphate (tripolyphosphate), and other reagents were all analytical grade and purchased from Beijing Chemical Reagents Co (Beijing, People's Republic of China). Millipore Milli Q (18 KΩ cm) water was used in all experiments.

Preparation of blank and drug-loaded GCS-CMβ-CD NPs
---------------------------------------------------

CMβ-CD and GCS-CMβ-CD were synthesized as previously described[@b25-ijn-10-7359],[@b26-ijn-10-7359] with slight modifications (Supplementary material. The characteristics and quantitative of CMβ-CD are shown in Figure S1 to S5.). For the obtained CMβ-CDs, β-CD-(CH~2~COOH)~4~ through β-CD-(CH~2~COOH)~7~ are the main CMβ-CD components. Three different GCS-CMβ-CDs (GCS~7.4~-CMβ-CD, GCS~13.0~-CMβ-CD, and GCS~23.3~-CMβ-CD) were obtained by adjusting the concentrations of NaCl during the reaction of CMβ-CD and GCS (Table S1).

GCS-CMβ-CD NPs were prepared by ionic gelation as described in the literature[@b27-ijn-10-7359] with slight modifications. In brief, GCS-CMβ-CD (20 mg) was dissolved in 10 mL phosphate-buffered saline (PBS) (1 mM) at pH 6.0, and 0.57 mL tripolyphosphate aqueous solution (1 mg/mL) was added to GCS-CMβ-CD solution under magnetic stirring at room temperature, leading to the spontaneous formation of NPs. The resultant product was dialyzed (Mw cutoff 8,000) against 1 mM PBS at pH 6.0 and distilled water over a total of 4 hours and then freeze-dried. For the preparation of DOX-loaded GCS-CMβ-CD (DOX-GCS-CMβ-CD NPs) NPs, DOX and GCS-CMβ-CD (n~DOX~:n~CMβ-CD~ =1.5/1) were mixed under magnetic stirring in pH 6.0 PBS (1 mM) for 4 hours to allow the complete combination of the reactants. Then the follow-up procedure was the same as blank GCS-CMβ-CD NPs. The scheme of GCS-CMβ-CD NP/DOX-GCS-CMβ-CD NP was shown in Figure S6.

Physicochemical characterization of blank and DOX-loaded GCS-CMβ-CD NPs
-----------------------------------------------------------------------

The size and zeta potential of the NPs were measured with a Delsa Nano Cerious Particle Analyzer (Beckman Coulter, USA). The morphologies of prepared samples were characterized by scanning electron microscope (SEM) (S-4800, Japan). The encapsulation efficiency (EE) (the accuracy of the encapsulation efficiency is shown in Figure S7 and S8) of DOX by the NPs was directly determined by dissolving 1 mg drug-loaded NPs in 4 mL PBS at pH 5.0 and keeping the solution for 72 hours to determine decomposition. After 72 hours in the dark, the amount of free DOX was determined by fluorescence spectrophotometry with the excitation and emission wavelengths set at 498 and 589 nm, respectively.

The EE and loading capacity (LE) of the NPs were calculated using the following equations:[@b28-ijn-10-7359] $${\text{Encapsulation}\ \text{efficiency}\ (\%)} = \frac{\ \text{Amount~of~encapsulated~DOX}}{\text{Total~ammount~of~DOX}}\  \times 100\%$$ $$\text{Loading~capacity}\ (\%) = \frac{\text{Amount~of~encapsulated~DOX}\ }{\text{Weight~of~naanoparticles}} \times 100\%$$

SPR online detection of drug release
------------------------------------

The mechanism of drug release at different acidities was determined by SPR. The SPR substrate was prepared as previously described. First, a 1-OT self-assembled monolayer was affixed to pretreated Au film through overnight immersion at 4°C in 1 mM 1-OT ethanol solution. The 1-OT modified Au film was washed with excess ethanol and then with water. After drying with nitrogen, 50 μL of 100 μg/mL PGM was dropped onto the modified film and kept for 1 hour. The film was washed with Tris--HCl (pH 3.0) and water and then dried with nitrogen. A 40 μL NP solution (dissolved in pH 6.0 PBS) was dropped onto the film and incubated for 30 minutes. In solutions of pH 5.0--7.4, some negatively charged PGM hydrophilic chains existed on the surface, so the positively charged GCS-CMβ-CD or DOX-GCS-CMβ-CD NPs could be immobilized on the PGM by electrostatic interactions. Finally, the film was rinsed thoroughly with 10 mM PBS and then with water. After drying with N~2~, the modified Au film was used for experiments. PBS (pH 6.0) was used as a carrier fluid; after a constant baseline was obtained, pH 5.0 or 7.4 PBS was injected into the NPs assembled flow cell. The release of drug or the change of NP structure caused the change of the intensity of reflected light on fixed angle that was recorded in real time.

In vitro drug-release studies
-----------------------------

In vitro drug-release studies were performed in phosphate buffer (pH 5.0 and 7.4 PBS) with dialysis membrane (Mw cutoff 8,000) for 60 hours. Typically, the drug-loaded NPs (2.5 mg) and 2.5 mL release medium were placed in a dialysis membrane. The dialysis membrane was immersed in 10 mL release medium with continuous stirring at 150 rpm. At different time intervals, a 4 mL sample of the dialysis medium was taken and replaced with fresh release medium (4 mL). The amount of free DOX was determined by fluorescence spectrophotometer.[@b18-ijn-10-7359] The amount of DOX already removed was taken into consideration when calculating the amount of DOX in each sample. The analysis was performed in triplicate for each sample.

Cell viability study
--------------------

DOX-loaded NPs and blank NPs were assessed for in vitro toxicity by CellTiter-Glo (CTG) assays[@b29-ijn-10-7359] against the MCF-7 and SW480 cell lines. The cells were cultivated in minimum essential medium supplemented with 0.01 mg/mL human recombinant insulin, 10% fetal bovine serum, and antibiotics (50 units/mL penicillin and 50 units/mL streptomycin) at 37°C in a humidified atmosphere containing 5% CO~2~ and seeded in a 96-well plate at the proper density. After 24 hours incubation, 100 μL serial dilutions of NPs or doxorubicin medium were added, and the cells were cultured for another 72 hours. During the incubation process, cells were counted at 24, 48, and 72 hours. The CTG assay protocol is as follows: 80 μL medium was removed from each well, and the plates were kept at room temperature for 30 minutes. After adding 60 μL reagent (CTG assay kit) to each well and shaking plates (avoiding light) for 2 minutes on a plate shaker, the plates were incubated in the dark at room temperature for 10 minutes. Finally, the luminescence was recorded by a multiplate reader.

Fluorescent image experiment was carried by a conventional fluorescent microscope (Olympus IX 73; Olympus America, Inc., Melville, NY, USA). After 24 hours incubation of MCF-7 cell lines, 800 μL serial dilutions of NPs were added, and the cells were cultured for another 0, 2, 4, 6, 8, and 12 hours, and then the fluorescence image of the DOX-GCS-CMβ-CD NP in the cells was recorded.

Results and discussion
======================

Characterization of NPs
-----------------------

GCS-CMβ-CD NPs and DOX-GCS-CMβ-CD NPs were both prepared by the ionic gelation method. The typical morphology of these NPs was measured by SEM ([Figure 1](#f1-ijn-10-7359){ref-type="fig"}). The NPs were spherical, with a narrow size distribution. The diameter of the three types of blank NPs was all \~100--180 nm, and the corresponding drug-loaded NPs were 300--500 nm. In addition to the volume of DOX, the positive charge of DOX is another cause of the increase in the size of the drug-loaded particles. However, there was no obvious difference in size among the three types of drug-loaded NPs or blank NPs made with three types of polymers. That is because every seven or more GCS units only have one CMβ-CD. Taking into account the large degree of polymerization of GCS (≥400), the N~CMβ-CD~/N~GCS~ ratio is relatively low and has a minimal effect on the size of the NPs.

The size and zeta potential of the NPs were also characterized by dynamic light scattering (DLS), and the results are shown in [Table 1](#t1-ijn-10-7359){ref-type="table"}. The size of the NPs observed by DLS was much larger than that from SEM observation (the size of GCS~7.4~-CMβ-CD NPs is 102 nm by SEM and 505 nm by DLS measurement), which is due to the existence of a hydrated radius[@b30-ijn-10-7359] and aggregation of NPs in solution[@b28-ijn-10-7359] when measured by DLS. The zeta potential of the three types of drug-loaded NPs ranged from +8.82 to +14.95 mV. The positive zeta potential is likely due to the free positively charged GCS amino groups.[@b31-ijn-10-7359] Compared with blank NPs, the zeta potential of drug-loaded NPs increased for all three polymer NPs ([Table 1](#t1-ijn-10-7359){ref-type="table"}). There may be two reasons for these phenomena. One is the positive charge of the DOX in the NPs, and another is more positively charged amino groups on the surface of NPs because of the increased surface area of the drug-loaded NPs. In addition, positive potential promotes electrostatic interaction with the overall negative charge of the cell membrane.[@b28-ijn-10-7359]

Determination of DOX EE and LC
------------------------------

DOX is an anthraquinone compound with maximum fluorescence at 589 nm. Therefore, the amount of DOX in DOX-GCS-CMβ-CD NPs was investigated using fluorescence spectrophotometry. The fluorescence spectroscopy of the three drug-loaded NPs is shown in [Figure 2](#f2-ijn-10-7359){ref-type="fig"} (curves a, b, and c), and the inset is the calibration curve of DOX. The amount of drug in the three drug-loaded NPs could be determined through the calibration curve of DOX, and the results are listed in [Table 1](#t1-ijn-10-7359){ref-type="table"}.

[Table 1](#t1-ijn-10-7359){ref-type="table"} also shows that the EE and LC of these NPs increased with increasing CMβ-CD. The LC of DOX-GCS~7.4~-CMβ-CD is 8.42%, which is almost triple the 3.21% of DOX-GCS~23.3~-CMβ-CD. The EE also increased from 12.44% for DOX-GCS~23.3~-CMβ-CD to 31.03% for DOX-GCS~7.4~-CMβ-CD. The results are probably due to two main interactions between DOX and CMβ-CD. On one hand, CMβ-CD could effectively load poorly water-soluble drugs into the cavity to increase the drug EE. On the other hand, there are electrostatic effects between DOX and CMβ-CD. DOX is positively charged (pK~a~ =8.6) at pH 6.0, while most carboxylic acid groups (pK~a~ =4.7) dissociate into negatively charged carboxylates. As a result, the strong electrostatic interactions between DOX and CMβ-CD could attract more DOX to the cavities of CMβ-CD, which enhance the interaction between CMβ-CD and DOX. With increased CMβ-CD content, more DOX is then encapsulated into the particles. Taking into account of the amount of loaded drug, DOX-GCS~7.4~-CMβ-CD and DOX-GCS~13.0~-CMβ-CD were used in the following investigation.

The local tumor environment (tumor extracellular pH 6.5--7.2, endosomal/lysosomal pH 4.5--6) is usually lower than that of the blood plasma (pH 7.4).[@b6-ijn-10-7359],[@b32-ijn-10-7359] If the carrier can release the drug in an acidic environment but retain it under physiological conditions, it will improve the drug-targeting action and facilitate drug release, decreasing side effects and increasing drug bioavailability.

The cumulative release of DOX from NPs was carried out in simulated physiological conditions (PBS, pH 7.4) and simulated tumor microenvironment (PBS, pH 5.0) for 60 hours. The release profiles of DOX-GCS~7.4~-CMβ-CD NPs and DOX-GCS~13.0~-CMβ-CD NPs are shown in [Figure 3](#f3-ijn-10-7359){ref-type="fig"}. The drug released rapidly in the beginning, which was mainly due to desorption of the surface-bound or adsorbed drug.[@b23-ijn-10-7359] [Figure 3A](#f3-ijn-10-7359){ref-type="fig"} shows that for DOX-GCS~7.4~-CMβ-CD NPs, only 50% of the drug was released at pH 7.4 after 60 hours incubation. However, at pH 5.0, it was \>80%, suggesting that the release of DOX could be adjusted by pH value.

The synthesized CMβ-CDs were composed of β-CD-(CH~2~COOH)~2~, β-CD-(CH~2~COOH)~3~, β-CD-(CH~2~COOH)~4~, β-CD-(CH~2~COOH)~5~, β-CD-(CH~2~COOH)~6~, and β-CD-(CH~2~COOH)~7~ indicating that more than one carboxymethyl combined with β-CD. One reacted with GCS, but there were also many free carboxymethyl groups around the CMβ-CD cavity. The carboxymethyl groups and amino groups in the GCS have different protonation states in different pH environments. The pK~a~ of DOX is \~8.6,[@b33-ijn-10-7359] and its charge state is affected by pH. This property makes it possible for NPs to release drugs by changing their ionization state to change the electrostatic force of the NPs depending on the pH.[@b9-ijn-10-7359] At pH 7.4, the interaction between the positively charged DOX (pK~a~ =8.6) and the negatively charged carboxylic acid groups (pK~a~ =4.7)[@b34-ijn-10-7359] is strong, so DOX is hard to remove from the NPs. In the medium at pH 5.0, the pH is close to the pK~a~ of carboxylic acid groups, so the negative charge of CMβ-CD decreased, weakening the electrostatic interaction between CMβ-CD and DOX. For this reason, it becomes easy for DOX to diffuse out of the NPs. The DOX released faster in medium at pH 5.0 than that at pH 7.4, which further indicated that the release behavior of DOX is sensitive to pH.

Because swelling, erosion, or degradation of NP matrix[@b23-ijn-10-7359] occurs in all release media, drug release was observed in solutions at both pH 5.0 and 7.4. However, the anticancer drug release was much greater and faster in acidic conditions than in weakly basic environment, reducing the danger to normal cells from the anticancer drug. Thus, the newly synthesized DOX-GCS-CMβ-CD is appropriate for use as a potential carrier for anticancer drug delivery in tumor therapy.

The DOX-GCS~13.0~-CMβ-CD NPs displayed in [Figure 3B](#f3-ijn-10-7359){ref-type="fig"} showed the same release property as DOX-GCS~7.4~-CMβ-CD NPs. It exhibited rapid release over the first few hours, followed by a slow release. The release rate and amount were faster at pH 5.0 than that at pH 7.4. These results indicated that although the amount of grafted CMβ-CD in DOX-GCS~7.4~-CMβ-CD NPs and DOX-GCS~13.0~-CMβ-CD NPs is different, these two drug carriers are both pH sensitive, which further verifies the function of multiple carboxymethyl groups and the ability to load carriers with anticancer drugs followed by targeted release.

At pH 7.4, 40% of the drug was released and 65% at pH 5.0 after 60 hours incubation. The amount of drugs released was less than that of DOX-GCS~7.4~-CMβ-CD NPs due to the different drug-loading capacities, which led to a large concentration gap between the polymeric microspheres and the release medium and caused a higher diffusion rate.[@b35-ijn-10-7359] That is to say, the drug-release rate was affected by the amount of drugs loaded. In this study, with increasing CMβ-CD content (N~GCS~/N~CMβ-CD~ ratio from 13.0 to 7.4), the percentage of drugs released increased \~25% within 60 hours.

SPR online detection of drug release
------------------------------------

The pH-responsive ability of NPs was confirmed by in vitro study with fluorescence spectroscopy analysis. To learn more about the process of drug release in different pH conditions, SPR was used to record drug release in real time. The SPR signals of DOX-GCS~7.4~-CMβ-CD NPs and GCS~7.4~-CMβ-CD NPs immobilized substrate after injection of pH 5.0 PBS and pH 7.4 PBS are shown in [Figure 4](#f4-ijn-10-7359){ref-type="fig"}. When PBS (pH =5.0) was introduced into the flow cell, an obvious decrease in SPR signal could be observed as displayed in [Figure 4A](#f4-ijn-10-7359){ref-type="fig"}, indicating a large decrease in refractive index on the surface of the substrate. As noted earlier, the pK~a~ of the amino group of GCS is 6.3--6.7, so with the pH change from 6.0 to 5.0, the positive charge of NPs should increase. The electrostatic interaction between PGM and NPs would also increase, which may make the film become thinner and result in decreased SPR signal. After the pH 5.0 solution flowed out the cell, for GCS~7.4~-CMβ-CD NPs, the SPR signal almost returned to the original baseline (curve a′), meaning that the film returned to its original state. However, for DOX-GCS~7.4~-CMβ-CD NPs, the signal did not return to the baseline, showing a net SPR signal decrease approximately −0.00137 (curve a) after the PBS flowed out of the flow cell. The signal decrease is due to the release of DOX from the DOX-GCS~7.4~-CMβ-CD NPs. As mentioned earlier, in the pH 6.0 flow phase, the carboxymethyl groups (pK~a~ ≈4.7) dissociate into carboxylic acid groups. There is a strong electrostatic interaction between the negatively charged carboxylic acid anions and positively charged DOX (pK~a~ ≈8.6).[@b26-ijn-10-7359],[@b36-ijn-10-7359] Both the electrostatic and the hydrophobic interactions between CMβ-CD and DOX result in relatively stable formation of NPs. pH 5.0 PBS is close to the pK~a~ of the carboxymethyl group, so the degree of dissociation of carboxymethyl groups would decrease, and the electrostatic interaction between the carboxymethyl groups and DOX would become weaker. Thus, DOX could be released from NPs into the carrier solution, changing the refractive index and decreasing the SPR signal.

[Figure 4B](#f4-ijn-10-7359){ref-type="fig"} shows the SPR signal change in release properties of DOX-GCS~7.4~-CMβ-CD NPs (curve b) and GCS~7.4~-CMβ-CD NPs (curve b′) when injected into pH 7.4 PBS. After pH 7.4 PBS was injected, there was an abrupt increase and then a slow decrease of the SPR signal, but the signal did not go below the original baseline for the trailing phenomenon (curve b and curve b′). The SPR signal increase is in contrast to the situation after pH 5.0 medium was introduced to the flow cell. With pH increasing from 6.0 to 7.4, the positive charge of the NPs decreases, decreasing the electrostatic interaction between PGM and NPs, which may make the film become thicker and result in increased SPR signal. However, the SPR signals were still higher than baseline after pH 7.4 PBS solution flowed out of the flow cell, which indicated that DOX is not released from the drug carrier. In pH 7.4 solution, more carboxymethyl group dissociation into carboxylic acid anions around the CMβ-CD cavity occurred, which strengthens the electrostatic interaction with DOX. In this case, drugs are not released in the short time frame of SPR detection, so the drug-release signal was not observed (curve b).

The drug-release behavior of DOX-GCS~13.0~-CMβ-CD NPs was also studied by SPR ([Figure 5](#f5-ijn-10-7359){ref-type="fig"}), and the result was similar to that with DOX-GCS~7.4~-CMβ-CD NPs. After injecting pH 5.0 PBS, the SPR signal of DOX-GCS~13.0~-CMβ-CD NPs did not return to the original baseline, in contrast to GCS~13.0~-CMβ-CD NPs, indicating that DOX was released from the drug carrier. However, in pH 7.4 PBS, both GCS~7.4~-CMβ-CD NPs and DOX-GCS~13.0~-CMβ-CD NPs showed signals higher than baseline, which indicated that the drug was not released from the NPs. This phenomenon further proves that the carriers are pH sensitive and are suitable for the transport and release of anticancer drugs. Both exhibit a slow return of the film to its initial state, so the SPR signal trails when pH 7.4 solution is used.

Based on the earlier results, NPs have the potential to release drugs in the partially acidic environment of cancer cells but do not release drugs in normal blood conditions, which could protect normal cells from damage by the anticancer drug. In addition, the drug-release behavior by SPR demonstrated that GCS-CMβ-CD NPs were immobilized on the PGM-modified Au substrate. PGM is a mucin, and mucins are aberrantly overexpressed in various malignant tumors and play unique roles in the pathogenesis of cancer.[@b37-ijn-10-7359] Therefore, the adhesion of GCS-CMβ-CD NPs on PGM means that GCS-CMβ-CD NPs could deliver more DOX to the tumor by recognizing overexpressed mucins.

The obtained GCS-CMβ-CD NP carrier combines the mucoadhesive property of GSC and the hydrophobic cavities of β-CDs. In addition, the free carboxymethyl groups around β-CD cavity make the carrier pH sensitive. All these phenomena enable the GCS-CMβ-CD NPs carrier to perform targeted delivery of hydrophobic anticancer agents.

Cell viability assay
--------------------

To further verify the superior properties of the GCS-CMβ-CD NPs carrier, the cytotoxicity of blank and drug-loaded GCS~7.4~-CMβ-CD NPs and GCS~13.0~-CMβ-CD NPs against SW480 and MCF-7 cells was evaluated. Free DOX was also used as a control. [Figure 6](#f6-ijn-10-7359){ref-type="fig"} shows the SW480 cell viability after incubation with the four types of NPs and free DOX for 24 hours (A), 48 hours (B), and 72 hours (C).

Obviously, the two blank NPs had no noticeable cytotoxicity against SW480 cells within the measured concentrations (the pink and blue lines in [Figure 6](#f6-ijn-10-7359){ref-type="fig"}). The cell viability remained \>90% even after 72 hours at high NPs concentration. The high cell-survival rate indicated that GCS-CMβ-CD NPs have good biocompatibility and are expected to be a suitable material for a drug-delivery system.

For drug-loaded NPs and free DOX, cell viabilities decreased rapidly with increased DOX concentration. There was no significant difference in the IC~50~ at three time points among DOX-GCS~7.4~-CMβ-CD NPs (red line), DOX-GCS~13.0~-CMβ-CD NPs (green line), and free DOX (black line), which showed effective inhibition of the growth of cancer cells, indicating that drug-loaded NPs have effective drug-release properties. That is to say, compared with free DOX, NPs containing the same concentration of drug had equal ability to inhibit cancer cells. Considering the mucoadhesive property of NPs, and the aberrant overexpression of mucins in various malignant tumors, it can be speculated that smaller concentrations of drug-loaded NPs could achieve the same therapeutic effect as free DOX.

In addition, at relatively high sample concentration (20--100 μg/mL), drug-loaded NPs showed slightly lower inhibition of cell growth than free DOX after 24 hours ([Figure 6A](#f6-ijn-10-7359){ref-type="fig"}). For DOX-GCS~7.4~-CMβ-CD NPs (red line), the cell viability was \~25.3% after 24 hours incubation with 100 μg/mL NPs, while the cell viability was almost 0 with free DOX (black line). After 48 hours, the inhibition of the growth of the cells treated with DOX-GCS~7.4~-CMβ-CD NPs decreased to 14.2% ([Figure 6B](#f6-ijn-10-7359){ref-type="fig"}). After incubation for 72 hours, the growth of the cells was completely inhibited ([Figure 6C](#f6-ijn-10-7359){ref-type="fig"}, red line). DOX-GCS~13.0~-CMβ-CD NPs showed the same pattern. The cell viability was 17.3%, 9.1%, and 3.2%, respectively, after incubation with DOX-GCS~13.0~-CMβ-CD NPs for 24, 48, and 72 hours. These results indicated that NPs have the sustained release properties for DOX,[@b21-ijn-10-7359] likely due to the electrostatic and hydrophobic interactions of CMβ-CD to DOX, which limited the burst drug release. Gradual drug release is good for minimizing drug loss in the blood[@b38-ijn-10-7359] as well as decreasing the toxicity to normal tissues.

To further verify the properties of NPs, another cancer cell line, MCF-7, was chosen to evaluate their cytotoxicity. The live MCF-7 cells at three time points (24, 48, and 72 hours) are shown in [Figure 7](#f7-ijn-10-7359){ref-type="fig"}. According to the curve for blank NPs, there was a minimal effect on the cell viability even at high sample concentration for a long incubation, which indicated that these carriers are not toxic to MCF-7 cells either. Drug-loaded NPs exhibited excellent antitumor activity against MCF-7. After incubation for 24 hours ([Figure 7A](#f7-ijn-10-7359){ref-type="fig"}), 48 hours ([Figure 7B](#f7-ijn-10-7359){ref-type="fig"}), and 72 hours ([Figure 7C](#f7-ijn-10-7359){ref-type="fig"}), the cell viability after exposure to DOX-GCS~7.4~-CMβ-CD NPs and DOX-GCS~13.0~-CMβ-CD NPs was similar to that after exposure to DOX, showing that drug-loaded NPs and DOX have the same efficacy. The sustained release properties are shown in [Figure 7](#f7-ijn-10-7359){ref-type="fig"}. The MCF-7 cell viability was 21.1%, 9.2%, and 4.6% after incubation with DOX-GCS~7.4~-CMβ-CD NPs for 24, 48, and 72 hours, respectively. For the DOX-GCS~13.0~-CMβ-CD NPs, it was 7.46%, 0.49%, and 0.22%. These data indicate that both DOX-GCS~7.4~-CMβ-CD NPs and DOX-GCS~13.0~-CMβ-CD NPs have sustained release character in the presence of MCF-7 cells, although it was not obvious difference compared with SW480 cells. In addition, we also observed that the sustained release ability is not very obvious because most of the drug (\~72%) was released within 24 hours based on the in vitro drug-release experiment ([Figure 3](#f3-ijn-10-7359){ref-type="fig"}), while cell viability is best assessed 24 hours after the NPs were added. The newly obtained nanocarrier may achieve better sustained release ability through further modifications.

Fluorescence imaging of DOX-GCS~13.0~-CMβ-CD NP in MCF-7 cells at different time points was recorded in order to know more about the intracellular behavior of NPs. As shown in Figure S9, DOX-GCS-CMβ-CD NP distributed around extracellular matrix and the outside of cell membrane evenly when the NP added (Figure S9A). However, DOX-GCS-CMβ-CD NP mainly attached to cell membrane after 2 hours (Figure S9B); this phenomenon also indicated the mucoadhesive effect of CS. After 4 hours of incubation, the detection of weak fluorescence signal in cytoplasm (Figure S9C) demonstrated that a small part of NPs have entered into cells. After 6 hours, more red fluorescence dots were detected in cytoplasm (Figure S9D), which indicated that more DOX-GCS-CMβ-CD NP had entered the cells. It may be due to the capacity of CS to open the tight junctions between epithelial cells.[@b10-ijn-10-7359] After 12 hours of incubation, most of the red fluorescence was diffusely distributed in cytoplasm and the majority of cells showed death state, which indicated that DOX could be released from DOX-GCS-CMβ-CD NP and kill the cancer cells.

Combining the results of experiment on MCF-7 and SW480 cells, it is clear that the carriers have favorable bio-compatibility and mucoadhesive. Meanwhile, drug-loaded NPs also showed good bioactivity and drug-release ability to some extent.

Conclusion
==========

Anticancer drug carriers that combine the notable properties of GCS and desirable features of CMβ-CD were synthesized. The CD cavity allowed easy association with DOX, and the introduction of multiple carboxymethyl groups around the CD cavity enabled differential response to varying pH, which could release the drug faster in the low pH environment near cancer tissues than in the normal bloodstream environment. The CTG assay further illustrated the good biocompatibility of the carrier. The drug-loaded NPs also showed good inhibitory effect on the growth of the cancer cells and sustained drug-release properties. Combined with passive targeting and preferential drug release within the target cells, the GCS-CMβ-CD NPs are a promising candidate to deliver poorly water-soluble anticancer drugs. They are expected to increase drug effectiveness and reduce adverse effects.
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![SEM photographs of drug-loaded nanoparticles.\
**Notes:** (**A**) DOX-GCS~7.4~-CMβ-CD NPs, (**B**) DOX-GCS~13.0~-CMβ-CD NPs, (**C**) DOX-GCS~23.3~-CMβ-CD NPs, (**D**) GCS~7.4~-CMβ-CD NPs, (**E**) GCS~13.0~-CMβ-CD NPs, and (**F**) GCS~23.3~-CMβ-CD NPs.\
**Abbreviations:** SEM, scanning electron microscope; DOX, doxorubicin hydrochloride; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles.](ijn-10-7359Fig1){#f1-ijn-10-7359}

![Fluorescence emission spectra of DOX in DOX-GCS~x~-CMβ-CD NPs.\
**Notes:** (a) DOX-GCS~7.4~-CMβ-CD NPs, (b) DOX-GCS~13.0~-CMβ-CD NPs, and (c) DOX-GCS~23.3~-CMβ-CD NPs. The inset is the calibration curve of DOX in pH 5.0 PBS.\
**Abbreviations:** DOX, doxorubicin hydrochloride; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles; PBS, phosphate-buffered saline.](ijn-10-7359Fig2){#f2-ijn-10-7359}

![The in vitro drug release of DOX-GCS~x~-CMβ-CD NPs.\
**Notes:** (**A**) DOX-GCS~7.4~-CMβ-CD NPs, (**B**) DOX-GCS~13.0~-CMβ-CD NPs. Data are presented as the mean ± standard deviation (n=3).\
**Abbreviations:** DOX, doxorubicin hydrochloride; PBS, phosphate-buffered saline; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles; h, hours.](ijn-10-7359Fig3){#f3-ijn-10-7359}

![SPR responses of Au films modified with GCS~7.4~-CMβ-CD NPs (a′, b′) or DOX-GCS~7.4~-CMβ-CD NPs (a, b) when injected with pH 5.0 PBS (**A**) and pH 7.4 PBS (**B**). The arrows in (**A**) and (**B**) indicate the time the injections were performed.\
**Notes:** pH 6.0 PBS was used as the carrier solution in experiment. All results were repeated for three times.\
**Abbreviations:** DOX, doxorubicin hydrochloride; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles; PBS, phosphate-buffered saline; sec, seconds.](ijn-10-7359Fig4){#f4-ijn-10-7359}

![SPR responses of Au films modified with GCS~13~-CMβ-CD NPs (a′, b′) or DOX-GCS~13~-CMβ-CD NPs (a, b) when injected with pH 5.0 PBS (**A**) and pH 7.4 PBS (**B**). The arrows in (**A**) and (**B**) indicate the time the injections were performed.\
**Notes:** pH 6.0 PBS was used as the carrier solution in experiment. All results were repeated for three times.\
**Abbreviations:** DOX, doxorubicin hydrochloride; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles; PBS, phosphate-buffered saline; sec, seconds.](ijn-10-7359Fig5){#f5-ijn-10-7359}

![Cell viability of SW480 cells incubated with free DOX, DOX-GCS~7.4~-CMβ-CD NPs, GCS~7.4~-CMβ-CD NPs, DOX-GCS~13.0~-CMβ-CD NPs, and GCS~13.0~-CMβ-CD NPs by CTG assay.\
**Notes:** (**A**) 24 hours, (**B**) 48 hours, and (**C**) 72 hours.\
**Abbreviations:** DOX, doxorubicin hydrochloride; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles; CTG, CellTiter-Glo.](ijn-10-7359Fig6){#f6-ijn-10-7359}

![Cell viability of MCF-7 cells incubated with free DOX, DOX-GCS~7.4~-CMβ-CD NPs, GCS~7.4~-CMβ-CD NPs, DOX-GCS~13.0~-CMβ-CD NPs, and GCS~13.0~-CMβ-CD NPs by CTG assay.\
**Notes:** (**A**) 24 hours, (**B**) 48 hours, and (**C**) 72 hours.\
**Abbreviations:** DOX, doxorubicin hydrochloride; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles; CTG, CellTiter-Glo.](ijn-10-7359Fig7){#f7-ijn-10-7359}

###### 

The physicochemical properties and drug-loading ability of different GCS-g-CMβ-CD NPs

  Nanoparticles          SEM size (nm)   DLS size (nm)   Zeta potential (mV)   Encapsulation efficiency (%)   Loading capacity (%)
  ---------------------- --------------- --------------- --------------------- ------------------------------ ----------------------
  GCS~7.4~-CMβ-CD        102±13          515±40          7.60±0.04                                            
  DOX-GCS~7.4~-CMβ-CD    505±21          964±17          9.92±0.45             31.03±1.79                     8.42±0.22
  GCS~13.0~-CMβ-CD       179±10          557±17          4.46±0.15                                            
  DOX-GCS~13.0~-CMβ-CD   328±27          1,022±42        8.82±0.21             21.53±1.37                     6.32±0.94
  GCS~23.3~-CMβ-CD       137±14          534±24          9.08±0.43                                            
  DOX-GCS~23.3~-CMβ-CD   402±39          1,049±44        14.95±0.61            12.44±0.79                     3.21±0.28

**Notes:** Values are shown as the mean ± standard deviation; n=3.

**Abbreviations:** DOX, doxorubicin hydrochloride; GCS, glycol chitosan; CMβ-CD, carboxymethyl--β-cyclodextrin; NPs, nanoparticles; SEM, scanning electron microscope; DLS, dynamic light scattering.
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